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In a typical thick-liquid-wall scenario for heavy-ion
fusion (HIF), between 70 and 200 high-current beams
enter the target chamber through ports and propagate
;3 m to the target. Since molten-salt jets are planned to
protect the chamber wall, the beams move through vapor
from the jets, and collisions between beam ions and this
background gas both strip the ions and ionize the gas
molecules. Radiation from the preheated target causes
further beam stripping and gas ionization. Because of
this stripping, beams for HIF are expected to require
substantial neutralization in a target chamber. Much re-

cent research has, therefore, focused on beam neutral-
ization by electron sources that were neglected in earlier
simulations, including emission from walls and the tar-
get, photoionization by the target radiation, and preneu-
tralization by a plasma generated along the beam path.
When these effects are included in simulations with prac-
ticable beam and chamber parameters, the resulting fo-
cal spot is approximately the size required by a distributed
radiator target.
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I. INTRODUCTION

Heavy-ion beams for an inertial-fusion driver will
likely require some form of neutralization during their
final transport to the target. The present generation of
indirect-drive targets requires a total particle current ex-
ceeding 40 kA divided between perhaps 100 beams, and
each beam must have a focal-spot radius on the target of
;2 mm. In conceptual chamber designs with thick-
liquid inner walls, this final transport distance is typi-
cally several meters because it must house neutron
shielding, 2 m of molten-salt jets inside the chamber to
cushion the detonation, and 1 m additional of standoff so

the jets do not vaporize. Focusing is further complicated
by collisions between the beam and vapor from the mol-
ten salt, which increase the charge state of beam ions.
Although several chamber-transport methods1 have been
proposed for heavy-ion fusion ~HIF!, the mode currently
favored in the U.S. program is “neutralized ballistic”
transport. With this method, electrons from collisional
ionization or from some external source are entrained by
the beam and neutralize the space charge sufficiently
that the pulse focuses on the target in a nearly ballistic
manner.

In recent years, considerable progress has been made
in numerical simulations of neutralized ballistic trans-
port. A useful survey in 1995 by Callahan2 indicated that
beam stripping due to collisions with the background
gas would complicate focusing when thick-liquid walls
were used to protect the chamber. Much better focusing
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was found when as little as 0.44% of the background gas
was ionized, although uniform ionization even at that
low level remains problematic. Both Barboza3 and Vay
and Deutsch4 reported improvements in numerics for
chamber-transport simulations, and some of these ad-
vances were incorporated in subsequent work by Sharp
et al.5 None of this later work, however, changed the
original conclusion by Callahan that supplemental neu-
tralization is necessary for successful transport in a cham-
ber protected by thick-liquid walls. In Japan, Kikuchi
et al.6 have proposed using a dielectric liner in the beam
ports to furnish electrons, while the U.S. HIF program is
studying the use of injected hydrogen plasma to preneu-
tralize beams.7 Recent simulations of foot pulses by Sharp
et al.8 show that passing a beam through a low-density
plasma substantially improves the focal spot, provided
that the background-gas density is sufficiently low. In
this work, however, the plasma is electrically isolated,
reducing its effectiveness. New simulations by Rose et al.9
and by Welch et al.10 show that placing the plasma in
contact with conducting walls leads to beam neutraliza-
tion approaching the theoretical maximum and, conse-
quently, to focal spots of 2 mm or less.

Most of the published work on neutralized chamber
transport uses beam and chamber parameters near those
chosen by Callahan,2 even though conceptual designs of
HIF power plants now favor using lighter ions at lower
energy and substantially higher current. The simulations
in this paper are the first to use beam parameters and a
chamber layout derived from recent power-plant studies.
These parameters are presented in Sec. II, along with
details of the numerical model. In Sec. III, we show that
these beams marginally meet the requirements of current
target designs. A brief summary and some comments
about remaining work are given in Sec. IV.

II. METHOD

II.A. Numerical Model

The axisymmetric chamber-transport simulations re-
ported here were made with the electromagnetic particle-
in-cell LSP code,11,12 developed by Mission Research
Corporation. The code has a relativistic particle ad-
vance, allows the use of multiple species, and incorpo-
rates models of most physical processes expected in a
fusion chamber, particularly electron emission from walls
and collisional ionization and scattering. In addition, there
are several features that make LSP useful for modeling
chamber transport. The problem domain is built from
simple geometric forms, allowing the beam port and
chamber to be modeled together. The number of macro-
particles representing any species can be controlled using
an algorithm developed by Lapenta and Brackbill,13 so
acceptable particle statistics can be maintained despite
large differences in the densities of the various species.
LSP has an optional implicit integration step, allowing
the use of small grid cells when needed without being
constrained by a Courant condition. Finally, a rudimen-
tary photoionization model5 has been added to LSP for
the present work to assess the effects of X rays emitted
by the heated target.

The LSP chamber-transport model necessarily in-
cludes a wide range of physical processes. A complete
representation of the fusion chamber, sketched in Fig. 1,
would include neutralization by one or more upstream
plasma layers, electron emission from walls, collisional
scattering, ionization, and recombination between the
beam and background gas, charge buildup on the target,
modification of electric fields by the molten-salt jets,
and photoionization of the beam, jets, and background

Fig. 1. Sketch of a generic fusion chamber with an indirect-drive target driven on two sides by clusters of ion beams. The
thick-liquid walls protecting the chamber, shown as solid shaded areas, would actually consist of crisscrossed jets of
molten salt.
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gas by X rays from the heated target. The simulations
presented here include the most important of these ef-
fects, although some, such as collisional scattering and
recombination, are estimated to be small and are there-
fore neglected. Only a single beam is treated, ignoring
possible interbeam effects near the target, and the initial
beam distribution function is idealized. The beam is as-
sumed to be axisymmetric, with initially uniform density
and emittance, and the current is constant except in rise
and fall sections near the beam ends. The background
gas in the chamber, resulting from the molten-salt jets, is
assumed to be initially uniform and neutral, and it falls
off with a physically plausible profile in the beam port.
Because of the low background-gas density in the cham-
ber, we follow collisional ionization only of neutral gas
molecules, although the gas can be ionized to higher
charge states by X rays from the target. Background-gas
ions are mobile, whereas the hydrogen ions in the neu-
tralizing plasma are not. Runs made with the opposite
choices indicate, however, that ion mobility has a negli-
gible effect. Finally, the molten-salt jets themselves are
neglected at present, and there is no metal boundary where
the target would be, so any problems with target-charge
buildup would not appear.

The collisional-ionization cross sections used here
were calculated by Olson14 using a Monte Carlo tech-
nique. Electrons liberated by collisions are assigned a
Maxwellian energy distribution with an average energy
of 20 eV, approximating the distribution calculated by
Olson, and their angular distribution is random. In the
absence of experimental validation, the Olson cross sec-
tions have instead been compared with results from a
phenomenological model developed by Armel.15 This
comparison shows good agreement for beam ions with a
charge state less than four, and discrepancies seen for
higher charge states are not expected to compromise the
results significantly, due to the small size of these higher-
state cross sections. At present, the LSP model allows
only single-electron ionization events, even though
calculations14 suggest that cross sections for multiple-
electron ionization are sizeable. Nonetheless, multiple-
electron ionization has been studied elsewhere8 and is
found to have only a minor effect on the neutralization
and focal spot of a typical HIF beam.

II.B. Parameters

The simulation parameters used here are based on
recent HIF power-plant studies by Meier.16 The IBEAM
design code17,18 minimizes the power-plant cost by ad-
justing parameters in an elaborate set of physics and pric-
ing relationships. This optimization procedure typically
involves trade-offs that complicate chamber transport.
Lower-energy beams with higher current are favored be-
cause the cost of induction accelerators increases in rough
proportion with ion energy. However, the lower energy
necessitates use of a lower ion mass M to give the same

stopping distance in a target. As discussed in Ref. 8, the
current per beam I increases like M!1 when the number
of beams and their duration are held constant, and the
generalized perveance,19 which is a good measure of
space-charge effects, varies like M!2 under these condi-
tions. The higher total current needed with lighter ions
can be partially mitigated by dividing the current be-
tween more beams, but a practical limit is set by achiev-
able packing densities around the chamber, by the
maximum angle at which beams can impinge on the tar-
get, and by overall system complexity. To increase ther-
mal efficiency, the optimization model also favors a higher
temperature for the molten-salt jets, although that choice
increases the background-gas pressure and therefore the
rate of collisional stripping. Finally, the IBEAM optimi-
zation is based on the requirements of distributed-
radiator targets.20,21 developed at Lawrence Livermore
National Laboratory. Unlike previous target designs in
which the ends of a cylindrical hohlraum were fully il-
luminated, this family of targets requires 95% of the
beam energy to be deposited in an annulus on each end
with a width between 1 and 2.3 mm. Since the space-
charge field of a beam scales inversely with the radius,
the use of distributed-radiator targets at least doubles the
maximum space-charge force of an unneutralized beam
and quadruples the peak charge density.

The indirect-drive target described in Ref. 20 re-
quires a total beam energy of 6 to 6.5 MJ. About 1.5 MJ
of this total must be delivered in a “foot” pulse, begin-
ning 30 ns before the main pulses arrive, heating the
hohlraum to;100 eV and initiating the first shock wave
in the capsule. The main pulses then deposit their energy
in 8 to 10 ns, launching three more shock waves and
igniting the fuel. To compensate for range-shortening as
the target is heated, the energy of foot-pulse ions is 75%
of the main-pulse ion energy. Following Meier,16 we use
Xe"1 ions at 131 amu in the simulations here, with ion
energies of 1.9 and 2.5 GeV, respectively, in the foot and
main pulses. Foot- and main-pulse currents are taken to
be 0.76 and 2.84 kA, respectively, corresponding to a
total 112 beams, with 36 foot beams and 76 main beams.
The main-pulse current profile has an 8-ns flat top, with
3-ns parabolically varying rise and fall sections at the ends,
while the foot-pulse profile has an 18-ns flat top and 6-ns
rise and fall sections. Each type of beam has a 6-cm
radius as it enters the 3-m beam port, and the beam is
focused at a point 3 m inside the chamber wall, giving the
beam a 6-m transport distance and an initial convergence
angle of 10 mrads. The unnormalized root-mean-square
~rms! emittance «4 is taken to be initially 9 mm-mrad,
but results are not sensitive to this choice, due to the
sizable emittance growth during chamber transport.

The chamber simulated here is uniformly filled with
a mixture of 90% BeF2 and 10% LiF, as expected when
molten FliBe ~Ref. 22! at 6008C is used to protect the
chamber wall. Based on experimental work by Olander
et al.,23 the vapor density in the chamber is 7#1012 cm!3,
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corresponding to ;0.2 mTorr. In the 3-m beam port, the
density falls off proportionally with ~1" Dz 20R2

port!!1 ,
where Rport is the beam-port radius and Dz is the dis-
tance upstream from the chamber. A 10-cm layer of fully
ionized hydrogen plasma is placed near each end of the
beam port, one centered 36 cm from the entrance and
the other, 12 cm from the exit. The electron density in
the plasma is 3#1011 cm!3, although simulation results
are not sensitive to this density as long as it exceeds the
beam density at the same axial position. The conducting
beam-port wall is a cone placed 1 cm outside the nomi-
nal beam edge, and electron emission is allowed near the
plasma layers.

III. RESULTS

III.A. Effects of Preneutralization

To illustrate the effects of the preneutralization alone,
we artificially turn off photoionization and compare the
dynamics of beams with and without the upstream plasma
layers. As found in earlier chamber-transport simula-
tions, the neutralization provided by background-gas ion-
ization for the present parameters is inadequate to allow
a usable focal spot. Time histories of the beam rms ra-
dius for an unneutralized main pulse, shown in Fig. 2a,
indicate that the point of best focus, called the beam
“waist,” occurs just as the beam enters the chamber, af-
ter 50-ns transport. By the time the beam reaches the
nominal target location, ;100 ns, the radius is larger
than the initial value. When the case is rerun with the
addition of plasma layers near the ends of the beam port,
;90% of the beam space charge is neutralized as it en-
ters the chamber, and the minimum radius is ;2.6 mm,
as seen in Fig. 2b. The waist actually occurs 0.12 m
beyond the nominal target location, due to the residual
space charge, but this error can be corrected by changing
the nominal focal position. Results with foot pulses are

similar, with the radius at the waist location remaining
,2.4 mm when preneutralization is used.

Another series of runs has shown that several factors
contribute to the effectiveness of preneutralization.When
the same beam is passed through electrically isolated
plasmas, the emerging beam is only ;50% charge neu-
tralized since removal of electrons from the plasma builds
up a space charge that resists further extraction. Sur-
rounding the beam with a conducting but nonemitting
pipe as it passes through the plasma increases the neu-
tralization to nearly 80% because the image charge on
the pipe alters the plasma space-charge field and makes
it easier to remove electrons along the axis. Finally, per-
mitting electron emission from the conducting wall keeps
the plasma quasi-neutral as electrons are extracted, giv-
ing;90% neutralization. This value is close to the theo-
retical limit for these parameters of ;95%, calculated
using work by Olson.1

The effectiveness of preneutralization is found to
decrease at higher background-gas densities. At the nom-
inal density of 7 # 1012 cm!3, the mean-free-path for
background-gas ionization is 4.5 m, which is substan-
tially larger than the 3-m chamber radius. Consequently,
neither beam stripping nor background-gas ionization
have much effect on beam neutralization. The average
charge state of the beam remains less than two, and in
the absence of the upstream plasma layers, neutraliza-
tion from the background climbs to only ;70%. In con-
trast, when the ionization length is short compared with
the chamber radius, the neutralization fraction is scarcely
different from that of preneutralization alone since that
value is already near the theoretical limit, but the beam
is stripped to a much higher charge state. As a result,
ions feel a larger space-charge force and focus to a larger
spot.

III.B. Effects of Beam Convergence Angle

One proposal for reducing the beam focal spot is to
increase the initial convergence angle u0. In the absence

Fig. 2. Time variation of the main-pulse rms radi at selected axial locations ~a! with no preneutralization and ~b! with pre-
neutralizing plasma placed near the ends of the beam port. Photoionization has been turned off in these simulations.
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of space charge, an envelope equation for the beam rms
radius predicts a minimum radius of «40u0 provided that
the rms emittance «4 is constant. LSP simulations using
both the nominal 10-mrad convergence angle and a 15-
mrad angle, again with photoionization turned off, show
the waist radius varying more weakly with u0 than the
predicted inverse dependence. The time histories of the
main-pulse radius in Fig. 3 show the minimum radius
decreasing from 2.6 mm for 10 mrads to 2.2 mm for 15
mrads, which is less than half the predicted 33% de-
crease. Also, the waist radius for both angles is about a
factor of;3 larger than predicted by the envelope model
because of the emittance increase during transport. Sim-
ilar results are found for foot pulses. The maximum ra-
dius of a foot pulse decreases from 2.4 mm at 10 mrads
to 1.9 mm at 15 mrads, again less than the predicted
change. In all these simulations, the analytic expression
predicts too small a waist because it ignores emittance
growth during transport, which is a factor of ;3 for the
present parameters. In addition, the expression overesti-
mates the sensitivity to the convergence angle because
the beam space charge is imperfectly neutralized, con-
trary to what was assumed. The unneutralized space
charge contributes an additional force that gives a finite
waist even for zero emittance.

Although these simulations show some improve-
ment from using a larger convergence angle, there are
also several drawbacks. First, the larger beam size in the
final-focus magnets would increase the size and cost of
that section. Second, the larger entrance holes and gaps
between molten-salt jets would allow more neutrons from
a fusion target to escape the chamber, complicating the
shielding problem. Finally, enlarging each beam line
would increase the cone angle of beams approaching the
target, forcing the use of a target with lower gain. The
cone angle might be held constant by reducing the num-
ber of beams, but the current of each beam would then
have to be increased appropriately, probably nullifying
the improved focal spot. Selecting the optimum conver-

gence angle will require collaboration with target design-
ers and neutronics engineers.

III.C. Effects of Photoionization

Including photoionization by target X rays in the
previous case with a 15-mrad convergence angle makes
only a modest improvement in chamber transport. Be-
cause of the r!2 fall-off of the photon density, the effects
of photoionization become significant only in the final
50 to 75 cm of transport. One major effect is the increase
in the average beam charge state from about 1.8 to more
nearly 6, as shown in Fig. 4. This increase, however, has
little effect on beam dynamics for two reasons. First, the
beam is quite rigid. To bend a 2.5-GeV Xe"5 ion by
1 mm over a 50-cm distance requires ;8.5 MV0m, a
value far exceeding the calculated net field. The second
reason for the minor effect on dynamics is that the beam
net charge increases relatively little in this region, due to
both the abundance of free electrons from background-
gas photoionization and to the fact that free electrons
from photostripping are nearly comoving with the parent
ion. At the beam waist, the net charge inside the beam
increases by a factor of;2 when photoionization is turned
on, leading to the 20% increase in the rms emittance near
the target seen in Fig. 5. This emittance increase, how-
ever, is mainly in the transverse velocity and is not re-
flected in the spot size. In fact, the beam rms radius at
the waist location is ;10% smaller than the correspond-
ing case without photoionization, as seen in Fig. 6. This
seeming inconsistency occurs because the beam enters
the photoionized plasma surrounding the target before it
undergoes significant photostripping, so the beam first
experiences a period of reduced space charge before the
later increase.An examination of the net current for these
cases shows that the beam is 80 to 90% current neutral-
ized near the waist, both with and without photoioniza-
tion. However, because of the higher charge state, the
net current is much higher with photoionization, and the

Fig. 3. Time variation of the main-pulse rms radius with ~a! a 10-mrad and ~b! a 15-mrad initial convergence angle. Photo-
ionization has been turned off in these simulations.
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self-magnetic field approaches 15 kG at its maximum.
Nonetheless, the self-magnetic field has a negligible ef-
fect on the transverse dynamics for these parameters be-
cause it builds up only in the immediate vicinity of the
target.

Photoionization has also been included in several
foot-pulse simulations. In these cases, photoionization

becomes important only ;10 ns after the beam head
arrives, due to the time required to heat the hohlraum.
The effects of improved charge neutralization are there-
fore only evident in a 10% reduction in the tail radius of
the foot pulse. Since this part of the pulse is needed only
for maintaining the hohlraum temperature near 100 eV,
this improvement has little importance. However, the

Fig. 4. Time variation of the fraction of main-pulse ions in various charge states ~a! without and ~b! with photoionization. The
beam head reaches the target location after; 100 ns.

Fig. 5. Time variation of the main-pulse emittance at selected axial positions ~a! without and ~b! with photoionization.

Fig. 6. Time variation of the main-pulse rms radius near the waist ~a! without and ~b! with photoionization for a 15-mrad
convergence angle. An expanded vertical scale is used here to highlight differences.
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wide-angle distributed-radiator target recently described
by Callahan et al.27 requires more than half of the foot-
pulse energy to be deposited in the final 8 ns, due to the
greater mass near the target midsection. In this case, im-
proved neutralization by a photoionized plasma may sig-
nificantly improve the transport of this higher-current
foot-pulse tail.

IV. CONCLUSIONS

The chamber-transport simulations reported here are
the first to use parameters approximating those favored
for an HIF driver. The beams have a higher current and
lower rigidity than values used in previous simulations,
and several previously neglected physical features have
been included in the model, such as the 3-m beam ports,
multiple ionization of the background gas, and photoion-
ization by target X rays. Both main pulses and the foot
pulses used to heat the hohlraum have calculated focal
spots that marginally match the requirements of recent
distributed-radiator targets. This good performance is
largely due to preneutralization by layers of hydrogen
plasma near both ends of the beam port. Some improve-
ment in the focal spot results from using a 15-mrad con-
vergence angle instead of the nominal 10-mrad angle,
but the larger entrance hole complicates chamber design
and neutron shielding. Photoionization further improves
the focal spot of main pulses by ;10% but, as expected,
has a minimal effect on foot pulses.

Collaboration with target and accelerator designers
is still needed to develop an optimized and integrated
scenario for chamber transport. In future work, we will
determine the most effective choices for the beam con-
vergence angle, and the size and density of the neutral-
izing plasma. Work is beginning on the use of more
realistic input beam distributions, including the time vari-
ation of the foot-pulse current, and several additional
features of chamber physics will be added to the numer-
ical model, particularly some representation of the molten-
salt jets.
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